This study aimed to investigate the effect of ultrasound combined with calcium lactate (2%, w/v) treatment (U + Ca) on calcium permeation and firmness of cherry tomatoes. Calcium distribution and fruit pectin nanostructure were also analysed by transmission electron microscope (TEM) and atomic force microscopy (AFM), respectively. The firmness (31.45 N) was maintained when ultrasound energy density was 20 W/L for 15 min at 15°C. The Ca content increased in U + Ca treated fruit. Meanwhile, the Peleg's model could be used to express the change of solid gain in cherry tomatoes under ultrasound treatment at 15, 20, and 25°C. According to the AFM results, the width (≥40 nm) and length (≥2 μm) of chelate-soluble pectin (CSP) and sodium carbonatesoluble pectin (SSP) chains with large frequency was observed in U + Ca treated fruit. Under desirable conditions (15°C, 15 min, 20 W/L), ultrasound combined with calcium lactate could maintain the quality of cherry tomatoes. chanical energy, thermal, and chemical effects [15] . The intense https://doi.
Introduction
Cherry tomatoes are one of the most popular fruit because of their rich nutrient content. The ascorbic acid content is higher than that in normal tomatoes. In addition, there are lycopene and glutathione in cherry tomatoes, which is benefit for cancer prevention [1] . However, being a climacteric fruit, postharvest rapid ripeness made it easily damaged and contaminated by microorganisms [2] , thus resulting in huge economic losses [3] . Meantime, the total phenolic and ascorbic acid content decreased [4, 5] , which lead to the decrease of nutritive value. Thus, the need for treatment and storage technologies capable of controlling fruit quality is rising.
In the past decades, considerable work has been conducted to preserve the quality of cherry tomatoes. The most common preservation method is refrigeration. However, this is not sufficient to meet the market demand to extend the shelf life of fresh fruit. Calcium (Ca) is reported to play a key role in suppressing quality decline, preserving integrity, and reducing the permeability of the cell membrane in fruit [6] . Meanwhile, Ali, Abbasi, and Hafiz [7] reported that calcium can improve the quality of peach without compromising the food safety standards. Researchers reported that the physical properties of fruit treated with calcium chloride and calcium lactate can be effectively maintained, and the degradation of pectin and hemicellulose in the cell wall of fruit is also delayed significantly [8] . Calcium lactate treatment can reduce the respiration rate, improve the firmness, antimicrobial, and prolong the shelf life of fruit [9] . Furthermore, Ca 2+ can inactivate the polygalacturonase (PG), which is responsible for the degradation of cell wall materials and component like pectin, and Ca 2+ plays an important role in maintaining fruit quality. Therefore, the use of calcium lactate has a great potential [10] .
Coating combined with advanced technologies, such as ultrasound, is one of the recent approaches for the prevention of fruit and vegetables. It has been reported that the progress of calcium penetration can be promoted by physical methods, leading to an increased Ca content in fruit tissue [11] . The Ca content in jujube fruit tissue was increased by treatment with ultrasound combined with calcium chloride, and the Ca distribution was also affected [12] .
Ultrasound, as a mild, environmentally-friendly, and non-toxic technology, has been used to prolong the shelf life, to inactivate attached microbes, and to preserve the texture properties and sensorial quality of fruit [13, 14] . The effect of ultrasound is based on its me-pressure generated during cavitation process of ultrasound can increase the penetration of compounds from the extracellular to the intracellular environment [16] . In addition, the cavitation bubble collapsing induces mechanical degradation of pectin [17] . Pectin is distributed in the primary cell wall and middle lamella of all plant tissues, and plays an important part in fruit firmness and softening. Pectin depolymerisation was accompanied by softening of fruit during storage [18] . Meanwhile, ultrasound treatment also can affect the firmness of fruit. Studies on tomatoes treated with ultrasound showed that the firmness of the fruit can be affected by the parameters of ultrasound [14] .
The effect of ultrasound combined with other methods in keeping the freshness of fruit and vegetables had been studied. It had been proved that ultrasound combined controlled relative humidity treatment can maintain the quality of straw mushroom and pineapple [19] . In addition to this, ultrasound combined with calcium chloride had a positive effect on the quality of jujube and strawberry during storage [12, 20] . There is a little research on the calcium permeation under ultrasound, and also for the mechanism of ultrasound combined with calcium solution affecting the firmness of fruit.
To elucidate the permeation property of Ca under ultrasound combined with calcium lactate treatment, this research was aimed to study the distribution of calcium in pulp tissue cell and the solid gain model. The firmness of cherry tomatoes and nanostructure of pectin were also investigated to reveal the mechanism of ultrasound combined with calcium lactate treatment on fruit firmness. The results would provide a theoretical foundation for the application of ultrasound to preserve postharvest fruit.
Materials and methods

Materials
Cherry tomatoes (Solanum lycopersicum L. cv YuyiLiangjingjing) selected with a similar size (18 ± 1 g), colour and ripening stage (7-8, light red), were harvested in a commercial greenhouse in Zhengzhou, Henan, China. The physicochemical properties of cherry tomatoes were as follows: soluble solids content was 5.75 ± 0.50°Brix, titratable acid was 0.24% ± 0.07, and water content was 93.78% ± 0.50. The fruit was transported to the lab in 2 h. Mechanically damaged or microbial infected fruit were discarded. The remainder (about 2160 cherry tomatoes) were randomly selected and divided into 72 groups (thirty fruit for each group), and stored at 5°C for further treatment. Food grade calcium lactate (content 98%-101.0%) was purchased from Henan Jindan Lactic Acid Technology Co., Ltd. (Zhoukou, Henan, China).
Ultrasound combined with calcium lactate treatment
For the ultrasound combined with calcium lactate treatment (U + Ca group): cherry tomatoes were directly immersed in a sonicator bath equipped with a low-temperature thermostat (energy density 20 W/L, frequency 40 kHz, Xinzhi, SBL-10DT, Ningbo, Zhejiang, China) with 10 L calcium lactate solution (200 g dispersed in 10 L distilled water (2%, w/v) at temperatures of 15, 20, 25, 30, and 35°C for 5, 10, 15, 20, 25, 30, 35 , and 40 min, respectively. In addition, the effect of ultrasound energy density (16, 20, 24, 28, 32 , and 36 W/L) on the fruit at 20°C for 20 min was also investigated.
For calcium lactate treatment (Ca group), fruit were immersed in calcium lactate solution (2%, w/v) at temperatures of 15, 20, 25, 30, and 35°C for 5, 10, 15, 20, 25, 30, 35 , and 40 min, respectively. Fruit without any treatment were defined as fresh fruit.
Firmness
Firmness of the cherry tomatoes was determined using a Texture Analyser (Stable Micro Systems Ltd., Godalming, Surrey, UK) fitted with a 35 mm diameter probe according to Pinheiro, Alegria, Abreu, Gonçalves, Silva [14] and Xin, Chen, Lai, Yang [21] with some modifications. The operating parameters were set as follows: pre-test speed = 3 mm/s, test speed = 1 mm/s, post-test speed = 5 mm/s, compression degree = 20%, trigger force = 10 g. Twenty replicates randomly selected from each group were measured individually.
Microstructure of cherry tomato observed with scanning electron microscopy
A piece of cherry tomato flesh (3 mm length × 2 mm width × 1 mm thickness) at equatorial zone was excised by a blade. The pieces of flesh were fixed in 2.5% glutaraldehyde at 4°C for 24 h, rinsed three times with phosphate buffer and each time for 15 min. Subsequently, the pieces were dehydrated in a series of ethanol solution (30%, 50%, 70%, 90%, 100%) for 10 min, then 100% acetone. The specimens dried with a freezer dryer and observed by a scanning electron microscopy (SEM) (FEI, Quanta250FEG, US) [22] .
Determining the Ca content
Ca content was determined using the literature method [23] . Flesh from six cherry tomatoes was dehydrated in a dryer until it reached a constant weight (105°C, 36 h), and then ground to a fine powder. About 0.5 g of dried sample was ashed in a muffle furnace. The ashed samples were digested in a mixture of concentrated HNO 3 and HClO 4 at a ratio of 4:1, and heated to remove excess digestion solution. The remaining component was diluted to 25 mL. The sample was then analysed using a TAS-990 atomic absorption spectrometer (General Analysis Beijing General Instrument Co., Ltd., Beijing, China). The Ca content was expressed in grams per kilogram of dry matter.
Distribution of Ca in pulp tissue cell
Distribution of Ca in pulp tissue cell was assayed by a transmission electron microscope (TEM) (Japan Electronics Corporation, JEM-2100, Japan). Piece of 2 × 4 mm was cut from pulp tissue and fixed in 3%-4% glutaraldehyde solution prepared in phosphate buffer (0.1 mol/L, pH 7.2, containing 20 g/L potassium pyroantimonate) at 4°C for 48 h. Then sample was immersed in 10 g/L OsO 4 at 4°C for 3 h. After dehydrated in a graded series of ethanol solutions, the sample was embedded in resin. The sample was sliced (about 70 nm), stained (50 g/L uranyl acetate and 20 g/L lead citrate) and observed by TEM at 80 kV [12] .
Solid gain
Cherry tomatoes were dried in an oven at 105°C until the weight did not change. The weight of the dried substance was noted [24] . Solid gain ( M Δ ) was calculated using the following formula:
where m 0 is the weight of the fresh fruit; m t is the weight of fruit treated at different conditions; χ s0 is the solid content of the fresh fruit; and χ st is the solid content of fruit treated at different condition. To better evaluate the change of solid gain, Peleg's model was used to model the solid gain change [25] .
where M Δ 0 is the initial solid gain; M Δ t is the solid gain of cherry tomatoes treated for t min. The fitting degree of the model was judged using the correlation coefficient (R 2 ), root mean square error (RMSE), and the mean relative percentage deviation modulus (E) [26] .
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where V e and V P are the experimental and predictive values, respectively; N is the number of times the experiment was repeated.
Pectin determination
Pectin extraction was performed according to Chen, Zhou, He, Liu, Lai, Yang [27] . Fruit flesh (10 g) was boiled for 20 min in 200 mL of ethanol (80%, v/v) with distillation tube, cooled, and then filtered. The residue was treated two more times as above. The residue was then placed in 50 mL of dimethyl sulfoxide (DMSO) and water (9:1, v/v) for 12 h at 4°C. Subsequently, the mixture was filtered and transferred to 200 mL of chloroform and ethanol (2:1, v/v) for 10 min at 25°C, filtered, and washed with 200 mL acetone until it was white. The residue was collected as the cell wall material. The cell wall material was put into distilled water (10 mL), agitated for 4 h at 25°C, and centrifuged at 10,000×g for 10 min at 4°C. The residue was re-extracted two times. All the supernatants were collected and combined as water-soluble pectin (WSP). Residues were resuspended in 10 mL 50 mmol/L cyclohexanetrans-1,2-diamine tetra-acetate (CDTA, Sinopharm Chemical Reagent, China), shaken for 4 h at 25°C, and centrifuged as described above. The residue was re-extracted twice with CDTA. All supernatants were collected as chelate-soluble pectin (CSP). Finally, residues were resuspended in 50 mmol/L sodium carbonate solution containing 2 mmol/L CDTA (10 mL), shaken for 4 h at 25°C, and centrifuged as described above. The procedure was repeated two more times, and the supernatants were collected as sodium carbonate-soluble pectin (SSP).
The pectin content was determined by the colorimetric method according to Filisetti-Cozzi, Carpita and Su, Li, Quek, Huang, Yuan, Li, Shan with some modification [28, 29] . Galacturonic acid (Sigma-Aldrich Co., Ltd., St. Louis, MO, USA) was used as the standard. The pectin solution (2 mL) was added into cooled sulphuric acid (12 mL, 98%, w/w) and placed in a test tube. The above mixture was heated in boiled water for 10 min and cooled with running tap water immediately. The carbazole solution (0.5 mL) was mixed into the pectin solution and incubated at 25°C for 30 min. The absorbance at 530 nm was then measured using a spectrophotometer (722S, Shanghai Instrument Analysis Instrument Co., Ltd., Shanghai, China). Each experiment was performed in triplicate.
AFM analysis of pectin
Atomic force microscopy was a frequently used instrument for observation of the structure at a nanometer scale. AFM analysis of pectin was performed according to a previous study [9] . Pectin solution (10 mg/L, 10 μL) was pipetted onto a freshly cleaved mica surface. The mica was pasted onto a metal plate and fixed on the sample stage for atomic force microscopy (AFM) (D-5A, Zhuolun MicroNano Equipment Co., Ltd, Shanghai, China). The images were collected using a Si 3 N 4 cantilevered probe (MikroMasch, Estonia) in non-contact mode. The resonance frequency of the tip was 20-40 kHz, and the scan rate was about 0.5-2 Hz. The images were analysed offline using the manufacturer's software. The length and width of 200 pectin chains were assessed. The percent of pectin chains of particular width or length among all the chains observed was recorded as the frequency (F q ). More than 20 images were obtained for each sample to obtain credible statistical results.
Statistical analysis
Each experiment was operated in triplicate. The data were analysed using Excel 2010 (Microsoft Co., Ltd., Washington, USA), SPSS 20 (IBM Co., Ltd., New York, USA), and GraphPad Prism 5 (GraphPad Software Co., Ltd., San Diego, USA) software. The results of the data analysis were expressed in the mean ± standard deviation. Duncan's multiple range test was used to analyse the significant differences. Comparisons that yielded p < 0.05 were considered statistically significant.
Results and discussions
Firmness
The effect of ultrasound combined with calcium lactate (U + Ca) on the firmness of cherry tomatoes is shown in Table 1 . There were decreasing trend of firmness with increasing ultrasound time for all temperatures except for 15°C. A significant loss in firmness with increasing time was also observed in the process of treating strawberries with ultrasound [13] . Furthermore, no significant difference in firmness was observed when the ultrasound temperature was 15°C and the fruit were exposed for 0-15 min. This phenomenon could be explained by the increase in the calcium (Ca) content under U + Ca treatment [12] . There were no obvious changes in firmness of cherry tomatoes among temperature of 20, 25, and 30°C at different ultrasound time (5-40 min) (p > 0.05). Compared with other temperatures, the firmness significantly decreased at 35°C (p < 0.05). The change in firmness is relate to the detrimental effect of high treatment temperature on the cell wall structure. Cell membrane permeability was changed because of structure of fruit tissue change at high temperature, leading to significant water lose [30] . U + Ca treatment might have a positive effect on firmness retention in cherry tomatoes if delivered for a suitable period (15°C, 15 min). However, as the length of exposure time to ultrasound increased, the structure and stability of the cell wall and pectin chains might be broken down by ultrasound, inducing a series of mechanical and chemical effects, leading to decreased firmness and accelerated water loss [13] .
Microstructure of tissue in cherry tomato
To better evaluate the effect of ultrasound combined with calcium lactate treatment on the cell wall of cherry tomatoes, SEM was applied to observe the cell wall structure. The cell wall of fresh cherry tomatoes (Fig. 1a ) consisted of small cells without intercellular spaces. The boundary and plump stereoscopic structure of cell was observed [22] . In the fruit treated under ultrasound combined with calcium lactate (20 W/L, 15 min, and 15°C), the cell morphological and structural was similarity to fresh fruit. Smaller intercellular spaces in the cell wall could be seen in treated fruit (Fig. 1b) .
But the boundary and plump stereoscopic structure was still intact. Therefore, ultrasound can be used as the pre-treatment of cherry tomatoes for storage, and it does not damage the cell wall structure.
Distribution of Ca 2+ in pulp tissue
The distribution of Ca 2+ in cherry tomatoes during U + Ca treatment is shown in Fig. 2 . Ca 2+ and OsO 4 reacted generating sediment, and which reflected in black particle form in TEM imagine. In fresh fruit, there was only a little Ca 2+ distributing on the surface of cell wall, this was the endogenous Ca 2+ existing the tissue of cherry tomato. After treated for 5 min, some Ca 2+ distributing in the cell wall and some small pieces on the surface of the cell wall, which may include a small amount of exogenous Ca 2+ . Then, more black segments in the cell wall were observed in cherry tomatoes treated for 15 min. When cherry tomato was treated by U + Ca for 25 min, more Ca 2+ distributed on the surface of the cell wall. With increasing of ultrasound time, the Ca 2+ distributed on the surface of the cell wall increased.
In addition, in cherry tomato cell wall, cellulose microfibrils were arranged in parallel. After treatment, the structure of cell wall was not destroyed. So in this ultrasound condition, there was no negative effect on cell wall structure of cherry tomato.
Calcium content
The calcium content in cherry tomatoes treated with ultrasound combined with calcium lactate is shown in Fig. 3 . Compared to fresh fruit, the calcium content in cherry tomato treated under U + Ca increased significantly (Fig. 3a) . After treated for 10 min, the calcium content change trend reached to a balance. The Ca content at 15 min was 0.75 g/kg, which was significantly higher than that in fresh fruit (0.64 g/kg, ultrasound for 0 min) (p < 0.05). The highest Ca content (0.69 g/kg) was found at an energy density of 24 W/L (Fig. 3b ). Fig. 3c showed that the Ca content decreased gradually as the ultrasound temperature increased, with the highest Ca content (0.72 g/kg) being observed at 15°C. And at this ultrasound temperature, the firmness of cherry tomatoes was maintained well than other temperatures (Table 1 ). This result indicated that the bidirectionally osmotic exchange effect of Ca was influenced markedly by the ultrasound temperature. Effects of ultrasound temperature and time on the Ca content of fruit treated with U + Ca and Ca alone were also observed, and the results were shown in Fig. 3c and d . The Ca content of cherry tomatoes in U + Ca treated group was higher (11.10%) than that in Ca treated group at 15°C. Meanwhile, the result indicated that Ca permeation was promoted by ultrasound. The same result was obtained in jujube fruit treated with ultrasound combined with calcium chloride [12] . Pieczywek, Kozioł, Konopacka, Cybulska, Zdunek [31] reported that the cell wall permeability increased, and the transport of water and solute were facilitated under ultrasound. In view of the change of calcium content, the mass transfer in cherry tomatoes at different ultrasound temperatures was studied.
Solid gain
The trend of solid gain change was simulated with Peleg's model. The simulation curve and regression equation, and the statistical parameters of Peleg's model, are shown in Fig. 4 and Table 2 , respectively. The initial rate of mass transfer was the highest at 20°C, and it was the lowest at 15°C according to the intercept value (Fig. 4 ). In addition, compared with other temperatures, the slope value was the lowest at 15°C. This result indicated that the solid gain at balanced state was highest at 15°C.
At low ultrasound temperatures (15°C, 20°C and 25°C), the R 2 values were 0.7080, 0.9579, and 0.9916, respectively. Meanwhile, the RMSE values (1.5410, 3.3858, and 0.9967) and the E value (2.8341%, 7.1859%, and 2.1248%) of 15°C, 20°C and 25°C were lower than that of 30°C and 35°C (RMSE: 6.7642 and 5.7264; E: 15.0586% and 15.4271%)( Table 2 ). However, an E value less than 10% indicated that the fitting degree of this model was acceptable. Thus, the mathematical model could be used in our experiment at 15°C, 20°C and 25°C.
A previous study reported that the mass transfer was enhanced using ultrasound [32] . The microstructure of fruit tissue is changed by the mechanical and chemical effects of ultrasound, leading to the formation of many microscopic channels, which have positive effect on mass transfer [33] . However, the cell wall structure became loose with the increasing of ultrasound temperature. Therefore, Peleg's model cannot be used to describe the solid gain at higher ultrasound temperatures (30 and 35°C).
Pectin content
Pectin content is an important quality index of fruit. The content and forms of pectin plays an important role in maintaining the firmness of fruit [34] [35] [36] . So the study of pectin content change in different ultrasound condition to indicate the relationship between firmness and pectin. The content of WSP, CSP, and SSP in cherry tomatoes is shown in Fig. 5 . The contents of WSP, CSP, and SSP in fresh fruit were 0.14, 1.27, and 1.18 g/kg, respectively. There was no obvious effect of treatment temperature and time on the contents of WSP, CSP, and SSP in cherry tomatoes treated with calcium lactate only. For U + Ca group, ultrasound energy density, temperature and time have significant effects on pectin contents (p < 0.05). The maximal values of WSP (0.27 g/kg), CSP (3.78 g/kg), and SSP (3.08 g/kg) were arrived at ultrasound energy density 28, 16 and 20, and 24 W/L, respectively (Fig. 5a) . Then, the contents of WSP, CSP, and SSP decreased with further increasing of ultrasound energy density. Aday, Temizkan, Büyükcan, Caner reported that higher ultrasound energy density had a detrimental effect on cell wall components in cherry tomatoes [37] .
The effect of ultrasound temperature on pectin content is shown in Fig. 5b . A significant decrease of WSP content was observed when ultrasound temperature above 25°C (p < 0.05). Ultrasound treatment temperature had no significant effect on the content of CSP (p > 0.05). The stability of CSP was increased by the formation of a bridge between Ca 2+ and CSP, and the increase in cell wall stability, which mediated the effects of ultrasound. A previous study also reported that Ca contributes to inhibit the degradation of CSP in fruit [8] . The SSP content was affect by ultrasound temperature significantly. The lowest and peak SSP content was found at 20°C, and 35°C, respectively.
The WSP content increased as a function of ultrasound time (Fig. 5c ). The CSP (2.82 g/kg) and SSP contents (4.39 g/kg) peaked at 10 min and 30 min, respectively. The side chains of CSP and SSP 0.00 ± 0.00 a 2.00 ± 0.08 b 0.00 ± 0.00 a ≥3 1.00 ± 0.50 a 0.00 ± 0.00 a 10.0 ± 2.00 b
Note: F q : frequency; Error bars represent the standard deviation of the mean of three replicates; Different lowercase letters indicate a significant difference at p < 0.05 among the groups.
disrupted and transformed to WSP by long period of ultrasound treatment [38, 39] . Meanwhile, at longer ultrasound treated time and higher temperatures, the tissues of cherry tomato were damaged and the cell wall structure decomposed, resulting in higher levels of SSP dissolved in the extract [40] . In addition, the increasing contents of WSP, CSP, and SSP also resulted from the disassembly of the polysaccharide network and the increase of extraction efficiency by ultrasound [31, 41] . Thus, desirable ultrasound conditions should be selected to promote the permeating of Ca 2+ into fruit, and to maintain the quality properties of fruit.
AFM analysis of pectin
Pectin is a complex heteropolysaccharide including linear fragments and ramified regions covalently connected [42] . The structure of pectin was changed during ultrasound combined with calcium lactate treatment. The effects of U + Ca and Ca treatment on the AFM images of WSP, CSP, and SSP in cherry tomatoes are shown in Fig. 6 . Long chains (Lc), polymers (P), and branched structures (Br) of WSP, CSP and SSP molecules were observed in fresh cherry tomatoes ( Fig. 6 a, d , and g) [43] . Only short straight chains, smaller polymers of WSP were observed in Ca treated cherry tomatoes (Fig. 6 b) . Long chains, and branched structures of CSP and SSP were observed in Ca treated cherry tomatoes (Fig. 6 e, and h) . Meanwhile, long chains, and branched structures were also observed in cherry tomatoes treated with U + Ca at an ultrasound energy density of 20 W/L for 15 min at 15°C ( Fig. 6 c, f, and i).
Notably, Net-like structures (N) were observed in CSP and SSP molecules of cherry tomatoes treated with Ca and U + Ca (Fig. 6e, f, h,  i) . The net-like structure might be formed by Ca cross-linking with pectin, which would promote the maintenance of firmness. Ultrasound enhanced the permeation of Ca, leading to the formation of a more netlike structure. Thus, ultrasound combined with calcium lactate treatment had positive effect on delaying the reduction in firmness of cherry tomatoes [12] .
The width and length values of WSP, CSP, and SSP molecules in cherry tomatoes are shown in Table 3 . The width of the WSP molecules in cherry tomatoes was mostly distributed from 20 to 60 nm. In fresh fruit, the width of the WSP molecules was mostly in the range of 20-60 nm at an F q of 88.69%. No significant increase in the F q of the width of WSP molecules in cherry tomatoes treated by Ca and U + Ca was found in the range of 20-60 nm. The length of WSP for all groups was mainly in the range of 0-2 μm. After U + Ca treatment, the F q of WSP with length between 2 and 3 μm increased from 6.25% to 23.75%.
For CSP, the chain width was mostly distributed in the range of 20-40 nm. Increasing phenomena in the F q of the CSP chain width (20-60 nm) in cherry tomatoes treated with Ca and U + Ca compared with fresh fruit was observed. In fresh fruit, the F q of the CSP chain width of more than 60 nm was 8.50%, and that of CSP chains treated with U + Ca was 12.48%. About 70.00% of the pectin length values of treated fruit were greater than 2 μm, which was higher than that in fresh fruit (61.25%). Ultrasound can be used as an effective means to promote Ca permeation of fruit tissue, promoting the formation of Ca 2+ bridges between pectin chains. The Ca 2+ bridges between CSP chains were increased by external Ca supplementation, leading to increased pectin stability [8] . There was no significant difference among SSP of all groups for width in the range of 20-40 nm. Larger F q of width (≥40 nm) and length (≥2 μm) of SSP chains was observed in U + Ca treated group. A schematic image of the calcium permeation and proposed pectin changes in cherry tomato treated with U + Ca is shown in Fig. 7 . The firmness could be maintained and Ca content increased in the cherry tomatoes under suitable ultrasound conditions. And the cell wall of cherry tomato was not destroyed. Meantime, U + Ca treatment can promote the calcium permeating into the tissue, increasing the calcium distribution in cell wall of cherry tomato ( Table 1 and Fig. 2 and Fig. 3 ). In addition, Ca 2+ in fruit tissue combines with non-esterified C-6 in galacturonic acid residues to form a stable composite structure [44] , leading to pectin stability increase. The width and length values of CSP and SSP in cherry tomatoes treated with U + Ca were higher than those in fresh and Ca treated fruit (Table 3) . Net-structure formation between Ca 2+ and CSP inhibited the pectin substance dissolution, which contributed to cherry tomato firmness. More Ca 2+ permeated into the tissue of cherry tomato under U + Ca treatment, and more stable netstructure was formed. In conclusion, U + Ca treatment can as a promising method to improve the texture of cherry tomatoes at suitable condition.
Conclusions
This study demonstrated the effect of ultrasound combined with calcium lactate treatment on the firmness, Ca permeation and pectin properties of cherry tomatoes. The firmness of cherry tomatoes decreased with increasing ultrasound temperature and time. The firmness (31.45 N) of cherry tomatoes was maintained when ultrasound energy density was 20 W/L for 15 min at 15°C. The Ca content increased in treated fruit and its permeation was affected significantly by ultrasound factors. Meanwhile, the Peleg's model could be used to express the change of solid gain in cherry tomatoes under ultrasound treatment at 15, 20, and 25°C. The contents of WSP, CSP, and SSP in cherry tomatoes may be increased under suitable ultrasound energy intensity, temperature and time. According to AFM results, a higher F q for the width (≥40 nm) and length (≥2 μm) for CSP and SSP chains was observed in treated groups than that in fresh fruit. Ultrasound combined with calcium lactate treatment promoted the crosslinking of Ca 2+ and CSP. The results suggested that ultrasound combined with calcium lactate treatment is a promising technique to maintain the texture of cherry tomatoes. The future work should be carried out to investigate its effects on the shelf-life and consumer acceptability of perishable fruit.
